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NutritionThe development and maturation of sensory systems depends on the correct pattern of connections which
occurs during a critical period when axonal elimination and synaptic plasticity are involved in the formation
of topographical maps. Among the mechanisms involved in synaptic stabilization, essential fatty acids (EFAs),
available only through diet, appear as precursors of signaling molecules involved in modulation of gene expres-
sion and neurotransmitter release. Omega-3 fatty acids, such as docosahexaenoic acid (DHA), are considered
EFAs and are accumulated in the brain during fetal period and neonatal development. In this study, we demon-
strated the effect of omega-3/DHA nutritional restriction in the long-term stabilization of connections in the vi-
sual system. Female rats were fed 5 weeks before mating with either a control (soy oil) or a restricted (coconut
oil) diet. Litters were fed until postnatal day 13 (PND13), PND28 or PND42 with the same diets when they re-
ceived an intraocular injection of HRP. Another group received a single retinal lesion at the temporal periphery
at PND21. Omega-3 restriction induced an increase in the optical density in the superﬁcial layers of the SC, as
a result of axonal sprouting outside the main terminal zones. This effect was observed throughout the SGS, in-
cluding the ventral and intermediate sub-layers at PND13 and also at PND28 and PND42. The quantiﬁcation of
optical densities strongly suggests a delay in axonal elimination in the omega3− groups. The supplementation
with ﬁsh oil (DHA) was able to completely reverse the abnormal expansion of the retinocollicular projection.
The same pattern of expanded terminal ﬁelds was also observed in the ipsilateral retinogeniculate pathway.
The critical period window was studied in lesion experiments in either control or omega-3/DHA restricted
groups. DHA restriction induced an increased sprouting of intact, ipsilateral axons at the deafferented region of
the superior colliculus compared to the control group, revealing an abnormal extension of the critical period. Finally,
in omega-3 restricted group we observed in the collicular visual layers normal levels of GAP-43 with decreased
levels of its phosphorylated form, p-GAP-43, consistent with a reduction in synaptic stabilization. The data indicate,
therefore, that chronic dietary restriction of omega-3 results in a reduction in DHA levels which delays axonal
elimination and critical period closure, interfering with the maintenance of terminal ﬁelds in the visual system.
© 2011 Elsevier Inc. Open access under the Elsevier OA license.Introduction
Sensory, motor, and possibly cognitive neural processing depend
in a fundamental way on the correct patterning of connections, a fea-
ture recognized since the pioneer studies of Roger Sperry ((Meyer,
1998), for a review). So far, sensory systems have been used as a
major model of topographically organized connections, particularlyói, RJ, CEP 24001-970, Brazil.
y@id.uff.br (C.A. Serfaty).
vier OA license.the mammalian retinocollicular pathway (Huberman et al., 2008;
McLaughlin and O'Leary, 2005).
The main strategy for the development of this form of speciﬁcity in-
cludes an initial overproduction of axons followed by the elimination of
misplaced ones (Chandrasekaran et al., 2005). In rodents, during early
postnatal development, transitory axons are selectively eliminated
and synapses from adjacent neurons progressively converge and grow
over their postsynaptic targets, giving rise to highly organized circuits
(Shah and Crair, 2008). The initial development of retinocollicular to-
pography is strongly inﬂuenced by repulsive/attractive molecules be-
tween retinal axons and target neurons—such as Ephrins and their Eph
Fig. 1. (A) Summary of the experimental design. Females were fed ad libitum with either
control (ω-3+) or experimental (ω-3−) diets starting5 weeks beforemating. After delivery,
litters were fed through their mothers until PND 13, 28 and 42 (after weaning, young rats
received diets directly). One group received a unilateral retinal lesion to the temporal pe-
riphery at PND 21 followed by a one week survival. (B) Representation of sample areas of
the collicular visual layers lying in the ventral and intermediate aspects of the SGS where
optic density analyses of the uncrossed retinocollicular terminal ﬁelds were carried out.
(C) Representation of sample areas at the dorso-lateral and dorso-medial aspect of the
SGSwhere optic density analyses of the uncrossed retinocollicular terminal ﬁelds, following
a lesion to the contralateral temporal retinal periphery, were carried out. Scale
bar=100 μm.
221P.C. de Velasco et al. / Experimental Neurology 234 (2012) 220–229receptors in gradients that change along the main retinal and collicular
axis (Mellitzer et al., 2000; Schulte and Bumsted-O'Brien, 2008; Yates
et al., 2001). Also, activity-dependentmechanisms are required to ensure
the ﬁne tuning of the correct representation of retinal axons over the su-
perior colliculus, and thus circuitry maturation (Dhande et al., 2011;
McLaughlin and O'Leary, 2005). As a result, a speciﬁc critical period is
established during the ﬁrst two/three postnatal weeks. During this
time window, disturbances of axonal reorganization have been found
under deprivation conditions (Carrasco et al., 2011), nutritional insults
(Gonzalez et al., 2008; Penedo et al., 2009) or restricted lesions to the
contralateral retina (Serfaty et al., 2005).
A previous work (Campello-Costa et al., 2006) showed that essen-
tial fatty acids (EFAs) appear as important retrograde messengers,
since pharmacological blockade of phospholipase A2 (PLA2), respon-
sible for arachidonic acid (AA) and docosahexaenoic acid (DHA)
cleavage from neuronal membranes (Rao et al., 2007; Strokin et al.,
2003), induces sprouting in the uncrossed retinocollicular pathway
of juvenile rats. Indeed, EFAs appear as signaling molecules involved
in modulation of synaptic strength (Cao et al., 2009; Grintal et al.,
2009; Leu and Schmidt, 2008).
Linoleic (ω-6) and α-linolenic acids (ω-3) cannot be synthesized de
novo and their dietary intake is, therefore, necessary. These EFAs are pre-
cursors of long chain polyunsaturated fatty acids (LCPUFA), such as AA
and DHA, respectively, which are highly accumulated during fetal period
and neonatal development, particularly in brain and retina (Dijck-
Brouwer et al., 2005; Heird and Lapillonne, 2005; Innis, 2008). This
time-course overlaps with major landmarks of visual system develop-
ment, fromneurogenesis to axonal elimination and its underlying critical
period. Indeed, DHA levels in the brain seem to be strictly controlled,
since any disturbance leads to severe impairment in brain development
and maturation (Fedorova and Salem, 2006; Kim et al., 2010; Kitajka
et al., 2002).
Herein we studied the effects of omega-3/DHA nutritional restric-
tion on the topographical distribution of retinocollicular and retino-
geniculate axons in developing rats. We also studied the extension
of the critical period for lesion-induced plasticity after restricted le-
sions to the contralateral retina. Finally we observed the impact of
DHA deprivation on the modulation of phosphorylated GAP-43
(pGAP-43) content. We showed that chronic DHA deprivation in-
duces a delay in axonal elimination and an abnormal extension of
the critical period suggesting a role for this EFA in use-dependent cir-
cuitry speciﬁcation.
Material and methods
Animals
Lister hooded rats at different ages ranging from postnatal day
(PND) 13 to PND 42 were used for neuroanatomical and biochemical
experiments. Litters with no more than eight animals were kept with
their mothers in individual cages, under humidity and temperature-
controlled conditions, with a 12 h light–dark cycle and ad libitum access
to water and diets. All experiments were done with care to minimize
any pain during experimental manipulations and were conducted in
strict accordance with The National Institutes of Health Guide for the
Care and Use of Laboratory Animals and approved by the local Animal
Care Committee (CEUA-UFF) under protocol no. 00150/09.
Diets
Females were fed during 5 weeks before mating (30 g/day/animal)
with experimental diets, either a diet restricted in omega-3 fatty acids
containing 5% of coconut oil (Rhoster) as a fat source (Borba et al.,
2010), or a control diet containing 5% fat as soybean oil, which provided
normal amounts of essential fatty acids according to AIN-93 (Reeves
et al., 1993). The same diet protocol was continued through matingand delivery. After birth, litters were fed through their mothers with
the same diets until postnatal day 13 (PND13), PND 28 or PND 42
(Fig. 1A). Both dietswere balanced in all nutrients and calories,with dif-
ferent lipid sources (Soares et al., 1995) (Table 1). A third group re-
ceived a standard diet (Nuvital®) for comparison with the control
group.
Supplementation Protocol
Animals submitted to an omega-3 deﬁcient diet were given an oral
supplementation protocol with ﬁsh oil (Herbarium) containing
120 mg of DHA and 180 mg of EPA (eicosapentaenoic acid) given
daily (3.0 g/kg) from PND7-PND28 (Ferraz et al., 2011).
Fatty acid determination in the midbrain total phospholipids
The fatty acid proﬁle was assessed in samples of superior colliculi
(SC) in control and restricted groups at PND28. Following a deep an-
esthesia with isoﬂurane, rats were decapitated and superior colliculi
rapidly dissected on cold saline. Tissues were then homogenized in
50 mM Tris–HCl buffer with EGTA and centrifuged for 30 min at
Table 1
Centesimal composition of experimental and control diets. Both diets had similar levels of
calories, proteins and lipids. Control, omega-3 group (ω-3+), received a soy oil based diet,
with adequate quantities of essential fatty acids to rodents, according to the AIN-93
(Reeves et al., 1993). The restricted omega-3 group (ω-3−) received coconut oil as a
lipid source.
Control (g/kg) ω-3 deﬁcient (g/kg)
aHumidity and volatile substances (g/100 g) 3.77 3.78
aProtein (g/100 g) 18.46 18.88
aAshes (g/100 g) 3.43 3.53
aLipids (g/100 g) 5.59 5.95
bCarbohydrates (g/100 g) 68.75 67.86
cTCV (Kcal/100 g) 399.15 400.51
Iron (mg/100 g) 10.34 8.15
aCalcium (mg/100 g) 541.51 523.89
aSodium (mg/100 g) 43.81 47.78
aPotassium (mg/100 g) 136.48 145.32
aPhosphorus (mg/100 g) 641.60 631.86
a Method: Adolfo Lutz, 2005.
b Method: by calculation, ASCAR, 1985.
c Total Catholic Value, Method: by calculation.
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and total lipids were extracted (Folch et al., 1957). Phospholipids
were then separated by means of a Sep-Pak procedure (Juaneda and
Rocquelin, 1985) and transmethylated (Berry et al., 1965). Samples
were analyzed using a Thermo Trace Ultra GC apparatus equipped
with a ﬂame ionization detector and HP-20 (carbowax 20 M) capil-
lary column (25 cm×0.32 mm×0.3 μm). The column temperature
was initially at 40 °C for 1 min, then increased to 150 °C at 55 °C/
min, and ﬁnally increased to 220 °C at 1.7 °C/min. The injector and
detector temperatures were 200 and 220 °C, respectively. Nitrogen
was used as carrier gas at a ﬂow rate of 1.0 mL/min; injection was
in split mode (1:20) and the injection volume was 1.0 μL of sample
isooctane extract. A standard fatty acid methyl ester mixture
(Supelco, USA) was used to identify fatty acid methyl esters by their
retention time. Fatty acid data were expressed as% of total peak
area. Data were expressed as the mean±standard error of the mean
(SEM). Differences between groups were analyzed by Student's
t test Differences were considered signiﬁcant at pb0.01.
Retinal lesions
One experimental group received at PND21, a retinal lesion at the
temporal periphery of the left retina, as described previously (Penedo
et al., 2009). Brieﬂy, animals were anesthetized with isoﬂurane and a
single retinal lesion at the temporal periphery of the left retina was
done using a surgical blade (no.11), which was inserted through the
sclera at the intended location midway between the limbus and the
optic nerve head. This lesion induces a localized deafferentation of
the corresponding sector in the lateral aspect of the contralateral vi-
sual layers of the superior colliculus and a reactive sprouting of the
uncrossed retinocollicular projection from the intact eye (Serfaty
et al., 2005). At the end of experiment, the animals were sacriﬁced
with an overdose of anesthetics. The left eye was removed and the
lenses excised allowing the inspection of the lesioned retina: all the
animals used for analysis exhibited similar retinal lesions as those de-
scribed earlier (Serfaty et al., 2005).
Anterograde tracing of retinofugal pathways and histochemistry
At PND12, 27 or 41, animals received an intraocular injection of
5 μl of a solution of 30% horseradish peroxidase (HRP, Sigma, type
VI) in 2% dimethylsulphoxide (DMSO) in NaCl 0.9% in the right eye
with a Hamilton microsyringe, to label retinofugal pathways. At
PND13, 28 or 42, animals were deeply anesthetized with an overdoseof isoﬂurane and perfused through the heart with saline (0.9% NaCl)
followed by a mixture of 1% paraformaldehyde and 2% glutaraldehyde
in 0.1 M phosphate buffer, pH 7.2 for 20 min. After removal, the
brains were cryoprotected overnight in a solution of 20% sucrose in
the same buffer and then stored at −70 °C. Coronal sections
(40 μm) were cut and processed free-ﬂoating, as previously de-
scribed, using tetramethylbenzidine (TMB, Sigma) as the chromogen
(Mesulam, 1978). The inspection of the anterograde labeling to the
contralateral SC was taken as an internal control for homogeneous
uptake, and transport of tracer and histochemistry as the crossed reti-
nocollicular projection should label the whole extension of the colli-
cular visual layers. Therefore we discarded animals in which the
TMB reaction product revealed partial or suboptimal labeling of any
sector of the contralateral colliculus or animals in which the pattern
of TMB reaction did not allow a clear discrimination between termi-
nal and ﬁber labeling.
Pixel density analyses at the superior colliculus
Quantitative analyses of pixel densities of retinocollicular terminal
labeling were carried out using Scion Image software (Scion Image
Beta 4.03, Scion Corporation) as previously described (Trindade
et al., 2011). Pixel densities were measured on a 0–255 scale, in which
255 corresponded to white. Values were obtained at the stratum griseum
superﬁcial/stratumopticum (SGS/SO) border, where ipsilateral ﬁbers con-
verge into clusters of terminal labeling. We also analyzed themean pixel
density of an intermediate aspect of the SGS, just above the ventral layer
(SGS/SO) (Fig. 1B). In groups that received a retinal lesion at PND21,
pixel densities were taken at the subpial aspect of the collicular visual
layers (Fig. 1C), where sprouting of uncrossed ﬁbers normally occurs,
mostly at its lateral aspect (Serfaty et al., 2005). All measurements
were subtracted from background densities in deep, non-visual layers.
In every group, samples were taken from at least ﬁve consecutive sec-
tions centered at the peak densities of labeling of uncrossed terminal
ﬁelds chosen by a naive observer unaware of the experimental groups.
Retinogeniculate terminal ﬁeld quantiﬁcation
Areas of ipsilateral terminal zones and the corresponding gaps in
the contralateral retinogeniculate projection were measured in
PND28 animals. Five consecutive sections at the central region of
the lateral geniculate nucleus of omega-3+ and omega-3− groups
were taken for analysis. After image capture, the delimitation of termi-
nal zones/gaps was done under dark ﬁeld/polarization optics by an in-
dependent observer unaware of the experimental group/treatment.
Measurements were done using Scion Image software (Scion Image
Beta 4.03, Scion Corporation).
Western blot
Animals from both groups were deeply anesthetized and decapi-
tated. Superior colliculi were dissected using a surgical blade (no.
15) and homogenized in ice-cold lysis buffer containing: 20 mM
Tris, 10 mM MgCl2, 0,6 mM CaCl2, EGTA, 0,5 mM DTT, 5 μg/ml aproti-
nin, 2 μg/ml leupeptin, 0,05% TX-100 and 1 mM PMSF. Samples were
made with 4 colliculli/200 μL. Protein analysis was done through
Bradford method (Bradford, 1976). Samples (40 μg/μl protein) were
separated by SDS/PAGE (10% with a 4% concentrating gel) and
electro-transferred to PDVF membranes (Amersham Biosciences).
After blocking unspeciﬁc labeling with 5% defatted milk in Tris-
buffered saline, pH 7.6 containing 0.1% Tween 20 (TBS-T) for 2 h at
room temperature, membranes were incubated overnight at 4 °C
with a goat anti-pGAP-43 primary antibody (1:800 dilution, from
Santa Cruz), followed by donkey anti-goat secondary antibody
(1:3000 dilution, Amersham Bioscience) in TBS-T during 1 h. The
membranes were revealed using ECL plus chemiluminescent kit
223P.C. de Velasco et al. / Experimental Neurology 234 (2012) 220–229(Amersham Bioscience). After capturing the bands on hyperﬁlm
(Amersham Bioscience), the membranes were re-probed for ERK im-
munoreactivity (mouse anti-ERK antibody, 1:6000, Santa Cruz) to
conﬁrm that similar amounts of protein were applied into gels. The
densitometry analysis was performed using Gelplot analysis macro
in Scion Image Software (Scion Corporation, MD, USA).
Statistical analyses
Graphs were plotted using GraphPad Prism 5.0 software and the
statistical analysis performed using Student's unpaired t test or
ANOVA with Dunnett post-test. Differences were considered signiﬁ-
cant when pb0.05.
Results
Omega-3 restriction diet decreases DHA levels in rats
Fatty acids concentrations were assayed in the superior colliculi of
young rats at PND 28. The analyses revealed that animals treated with
an omega-3 restricted diet had a signiﬁcant decrease in levels of doc-
osahexaenoic acid (DHA—22:6n3) compared to control group, while
no difference was observed in the content of arachidonic acid (AA—
20:4n6) (Table 2). Also, omega-9 levels (oleic acid—18:1n9c) were
signiﬁcantly increased in omega-3 restricted group, as well as other
monounsaturated fatty acids (palmitoleic—16:1), and saturated fatty
acids (palmitic—16:0, stearic 18:0). Therefore, the results point to a de-
crease inω-3/ω-6 ratio (22:6n3/20:4n6) and to a selective reduction in
DHA content. Despite the great differences found in omega 3 content,
no distinctions were observed in weight gain between groups at PND7
(control: 12.86 g±0.24, n=8; restricted: 13.41±0.76, n=7) and at
PND13 (control: 23.93 g±0.33, n=8; restricted: 22.61±1.06, n=7).
Omega-3 restricted diet alters uncrossed retinocollicular distribution
during and after the critical period
Since DHA is important for neuronal differentiation and synapto-
genesis (Kan et al., 2007; Wurtman et al., 2009), we studied the de-
velopment of topographical restriction of the uncrossed
retinocollicular pathway during the second postnatal week, when
activity-dependent cues are responsible for the ﬁne tuning of axonsTable 2
DHA fatty acid levels are reduced in theω-3 deﬁcient group. Fatty acids concentrationswere
assayed in the superior colliculi of rats at PND 28. Lipid analyses indicated that animals trea-
tedwith an omega-3 restricted diet (coconut oil) had a signiﬁcant decrease in levels of DHA
(22:6n3) compared to control group,while no differencewas observed in the content of AA
(20:4n6). Data also showed, in omega-3 restricted group, increased levels of saturated fatty
acids 16:0, 18:0 and also omega-9 fatty acid 18:1n9. Fatty acid analyses were expressed as%
of total peak area. Data were expressed as the mean±standard error of the mean (SEM).
Differences between groups were analyzed by Student's t test and considered as signiﬁcant
at pb0.01.
Fatty acid Control ω-3 deﬁcient
16:0 17.78±0.76 24.09±0.23*
16:1 0.68±0.01 0.84±0.02*
17:0 nd 0.20±0.01
18:0 24.96±0.44 29.09±0.32*
18:1n9t 15.09±0.22 16.01±0.17
18:1n9c 2.56±0.08 3.19±0.02*
18:2n6t 0.79±0.06 0.65±0.15
20:1 0.69±0.02 0.60.0.04
20:2 nd 0.57±0.02
20:3n6 0.41±0.01 nd
20:4n6 14.79±0.31 14.92±0.41
22:6n3 21.22±0.34 9.99±0.35*
22:6n3/20:4n6 1.43 0.67
The values represent mean±SEM. ⁎vs control. pb0.01. nd = not detected.and their terminal ﬁelds. Litters were fed through their mothers
with either a control (omega-3+) or a restricted diet (omega-3−)
(Fig. 1A). At PND 13, control, omega-3+ rats, displayed a normal dis-
tribution of HRP terminal labeling with retinal axons converging into
discrete clusters located at the ventral border of the SGS (Fig. 2A). Ac-
cordingly, the omega-3+ group presented few axons/terminals at the
intermediate and dorsal aspects of the SGS. This pattern was indistin-
guishable to that observed in the standard diet (Nuvital®) group
(data not shown). On the other hand, the nutritional restriction of
omega-3/DHA resulted in altered retinocollicular topography with in-
creased labeling at the ventral SGS, where clusters of terminal labeling
occasionally fused (Fig. 2B). We also noticed a scattering of ﬁbers
throughout the intermediate aspect of the SGS as well. At PND 28,
after the closure of the critical period of retinocollicular development/
plasticity, control, omega-3+ rats, presented a pattern of terminal label-
ing with major terminal ﬁelds located at the ventral border of the SGS,
similar to previously described (Campello-Costa et al., 2000). Indeed,
control rats displayed few axons/terminals at intermediate and superﬁ-
cial aspects of the SGS (Fig. 3A). The nutritional restriction of omega-3/
DHA resulted in a more pronounced scattering of terminal and ﬁber la-
beling both at the ventral and intermediate aspects of the SGS (Fig. 3B).
Surprisingly, even at PND42, well beyond the end of retinocollicular de-
velopment and its corresponding critical period, omega-3/DHA nutri-
tional restriction resulted in a scattered distribution of terminal
labeling as compared to control rats (Figs. 3C,D). The quantitative ana-
lyses ofmean pixel density distribution (Figs. 4A,B) conﬁrmed the qual-
itative observations: measurements of optical densities at the
intermediate and ventral SGS (as represented in Fig. 1B) revealed a sig-
niﬁcant increase in label density at the intermediate and ventral sub-
layers in all groups studied as a result of a nutritional restriction in
omega-3/DHA content. Figs. 4(A,B) also suggests a delay in axonal elim-
ination, since values of optical densities at intermediate or ventralFig. 2. Omega-3 restricted diet alters the uncrossed collicular terminal ﬁeld distribution
during the critical period. Dark-ﬁeld photomicrographs showing the anterograde labeling
of uncrossed retinocollicular axons in coronal sections through the SC. Litters were fed
through their mothers with either control (ω-3+) or restricted diets (ω-3−) until post
natal day 13 (PND 13) when they received an intravitreal injection of HRP. Omega-3+
rats (A) displayed a normal pattern of uncrossed retinocollicular axonal/terminal distribu-
tion with terminal labeling converging into discrete clusters (large arrows) located at the
ventral border of the SGS. Conversely, omega-3− group (B) displayed expanded and fused
clusters ofHRP terminal labeling in the ventral border (arrowheads) of the SGS, alongwith
axons growing outside the main ventral terminal zones towards the dorsal aspects of the
SGS (arrows). Scale bar=100 μm.
Fig. 3. Omega-3 restricted diet alters the distribution of uncrossed retinocollicular
axons after the critical period. Dark ﬁeld photomicrographs of coronal sections of the
visual layers of SC demonstrated that at PND 28 omega-3+ fed rats (A) presented a
normal pattern of terminal labeling with major terminal ﬁelds located at the ventral
border of the SGS (large arrows). On the other hand, omega-3− group (B) revealed a
scattering of terminal and ﬁber labeling both at the ventral (arrowheads and double ar-
rows) and intermediate (arrows) aspects of the SGS where axons appear to emerge
from underneath clusters of terminals. At PND42, similar results were observed. Con-
trol groups (C) displayed major ventral terminal ﬁelds (large arrows) with few ﬁbers
at the intermediate and superﬁcial aspects of the SGS. Omega-3 restriction group
(D) resulted in a scattered distribution of terminal labeling (arrowheads and double ar-
rows) at the ventral SGS with increased density of axonal proﬁles in the intermediate
SGS (arrows). Scale bar=100 μm.
Fig. 4. Nutritional restriction of DHA expands the uncrossed retinocollicular terminal
ﬁelds. (A,B) Measurements of the mean pixel density at the intermediate and ventral
SGS (as depicted in Fig. 1B) indicated that omega-3 restricted diet led to an increase
in ﬁber density in both aspects of the SGS, compared to control groups. This pattern
was observed in all ages studied: PND 13, 28 and 42. (pb0.01** and pb0.05*; n=5
for each group). (C) After a DHA supplementation protocol, between PND7–28, pixel
densities in the ventral aspect of the SGS returned to control values. (pb0.01** and
pb0.05*; n=4 for omega-3+ and omega-3− groups; n=5 for omega-3−/DHA group).
224 P.C. de Velasco et al. / Experimental Neurology 234 (2012) 220–229sublayers obtained from the restricted group at PND28 or 42, fall within
control values at PND13.
Effects of omega 3 deprivation on retinocollicular topography are reversed
with a supplementation protocol
As shown in Fig. 4C, animals treated with the omega-3− diet until
PND7 were given an oral DHA supplementation protocol from PND7
to PND28. At this stage they received an intraocular injection of tracer
and the optic densities in the ventral SGS were measured. The data
show that after a three-week supplementation protocol, the densities
of the uncrossed retinocollicular projection returned to controlvalues, suggesting a complete reversion of topographical expansion
induced by omega-3 restriction.Omega-3 restricted diet alters retinogeniculate terminal ﬁelds
In order the examine the effect of omega 3 restriction in another
structure of the visual system we performed measurements of the ipsi-
lateral terminal zone area in the lateral geniculate nucleus along with
measurements of the area of the gap observed in the contralateral reti-
nogeniculate projection after a unilateral eye injection of HRP at PND28.
Fig. 5 shows that in control, omega-3+ group, the ipsilateral terminal
zone and the gap in the contralateral pathway occupy roughly the
same area. However in omega-3− group, we observed an increase in
the ipsilateral terminal zone in comparison to its corresponding contra-
lateral gap.
Fig. 5. Omega-3/DHA nutritional restriction expands retinogeniculate terminal ﬁelds.
Animals at PND28 from control (omega-3+) and restricted (omega-3−) groups re-
ceived a unilateral injection of HRP. LGN labeling revealed an equal distribution of
the ipsilateral terminal ﬁeld and the corresponding gap in the contralateral projection in
the omega-3+ group. In omega 3− group, however, ipsilateral labeling is increased in re-
lation to the contralateral gap. Quantitative measurements corroborated the qualitative
ﬁndings, revealing signiﬁcant differences (pb0.01; n=4 for omega-3+ and n=5 for
omega-3− group). Scale bar=100 μm.
Fig. 6. Nutritional restriction of omega-3/DHA increases lesion-induced plasticity re-
vealing an extended critical period in retinocollicular development. Dark ﬁeld photo-
micrographs of coronal sections through the visual layers of the SC of control and
omega-3 restricted diets. Temporal retinal lesion was performed at PND21 and anter-
ograde labeling of the intact uncrossed retinocollicular projection at PND 28.
(A) Omega-3+ group revealed virtually no detectable labeling at the subpial aspect
of the lateral SC. On the other hand, the omega-3− group (B) displayed an increased in-
nervation density at the same subpial aspect of the lateral SC (arrows), in register with
the temporal lesion in the opposite retina. (C) Optical density analyses conﬁrmed a pro-
nounced sprouting reaching the lateral surface of the SC in response to a temporal retinal
lesion in the contralateral eye. (D,E) The comparison of optical densities in lateral vs. me-
dial subpial aspects of SC (as depicted in Fig. 1C) revealed an increase in label density in the
lateral subpial SC of omega-3− group indicating an speciﬁc effect of omega-3 restriction in
this form of lesion-induced plasticity after the closure of the critical period. (pb0.01** and
0.05*; n=4 for omega-3+ group; n=6 for omega-3− group). Scale bar=100 μm.
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Since the results obtained during normal development are consis-
tent with a developmental delay, we chose to directly assess the critical
period window in control and omega-3− rats submitted to a retinal le-
sion to the left eye at PND21. Previous reports from our group have
shown that at this stage, a retinal lesion at the temporal periphery in-
duces virtually no sprouting response of uncrossed axons from the in-
tact eye within a one-week survival (Campello-Costa et al., 2000).
Indeed, control, omega-3+ rats presented virtually no terminal labeling
at the subpial lateral aspect of the SGS (Fig. 6A). Conversely, omega-3−
rats showed amuch pronounced sprouting response with axons/termi-
nals reaching the lateral surface of the rostral superior colliculus
(Fig. 6B).We also found, in omega-3- rats, a general spreading of ipsilat-
eral axons/terminals across the latero-medial extension of the collicular
visual layers similar to that observed in non-lesioned groups (Figs. 2–4).
Fig. 7. Nutritional restriction of omega-3 fatty acids decreased pGAP-43 content in rat
superior colicullus. At PND 28, the content of pGAP-43 in omega-3 restricted rats was
clearly reduced in comparison to controls. (pb0.001; n=6). No difference was ob-
served in the total GAP43 content between omega-3+ and omega-3− groups in the
same membranes used to reveal pGAP43.
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characterize the effect DHA nutritional deprivation on the lesion-
induced axonal sprouting. Densitometric measurements of the lateral
aspect of subpial collicular layers indicated an increase in innervation
density in retinal lesion/omega-3 restricted in comparison to retinal le-
sion/omega-3 control groups (Fig. 6C). In order to make sure that this
effect was indeed related to the lesion effect at the contralateral tempo-
ral retina, we compared the optical densities of lateral vs.medial subpial
layer in omega-3+ and omega-3− groups. The results clearly show that
while control groups (retinal lesion/omega-3+) displayed no differ-
ences between lateral vs.medial labeling (Fig. 6D), a signiﬁcant increase
in innervation density in the lateral subpial aspect of the SC was ob-
served in omega-3 restricted groups (Fig. 6E). We also compared the
optical densities at the subpial aspect of the collicular visual layers in le-
sioned and non-lesioned groups treated with omega-3+ or omega-3−
diets. Table 3 clearly shows that omega-3 restriction per se (i.e. non-
lesioned animals) is not able to induce a localized sprouting to the later-
al aspect of the subpial collicular layer. Indeed, in non-lesioned animals
optical densities were lower in the lateral aspect of this sublayer com-
pared to themedial aspect. On the other hand, animals given a temporal
retinal lesion and fed with an omega-3 restricted diet displayed ex-
panded axons at the lateral aspect of subpial colliculus when compared
with lesioned or non-lesioned groups fedwith either diet (Table 3). This
supports a speciﬁc effect of omega-3 restriction in the lesion response at
the end of the critical period corroborating the interpretation of a delay
in the maturation of retinocollicular connections and critical period
closure.
GAP43 phosphorylation and synaptic stabilization
In the present study, omega-3/DHA restriction resulted in an in-
creased density of retinal axons in the collicular visual layers suggesting
that reduced levels of this lipid may also be associated with reduced
maintenance mechanisms at retinocollicular synapses. Since the in-
crease in synaptic strength has been shown to be related to the phos-
phorylation of GAP-43 (pGAP-43) (Buaud et al., 2010; Schaechter and
Benowitz, 1993) we studied the content of pGAP-43 in the superior col-
liculus of control and omega-3 restricted groups. Fig. 7 shows that at
PND 28, the content of pGAP-43 in omega-3− rats was clearly reduced
in comparison to controls. However, the content of total GAP-43 protein
has not been altered suggesting that omega-3 restriction is speciﬁcally
inﬂuencing the phosphorylation mechanisms of GAP-43 but not the
total GAP-43 protein content.
Discussion
It is extensively known that brain development and maturation
can be inﬂuenced by diet. Nutrients may directly interfere in neuronalTable 3
The sprouting of retinal axons in response to a lesion to the contralateral retina at
PND21 is restricted to the omega-3− group. Omega-3+, soy oil; Omega-3−, coconut
oil; For the Retinal Lesion omega-3− group, pb0.001(***) compared to: non-lesioned
omega-3+ (subpial lateral), non-lesioned omega-3− (subpial lateral), non-lesion
omega 3+ (subpial medial); pb0.01 (**) compared to: retinal lesion omega-3+ (sub-
pial lateral), non-lesioned omega 3− (subpial medial); pb0.05 (*) compared to retinal
lesion omega-3+ (subpial medial) and to retinal lesion omega 3− (subpial medial).
One-way anova (Dunnett's post test).
Experimental groups Subpial lateral Subpial medial
Non-lesioned (omega-3+) 2685±0.982 7.350±1.075
(n=4) (n=4)
Non-lesioned (omega-3−) 5.915±1.731 7.952±1.515
(n=4) (n=4)
Retianal Lesion (omega-3+) 7.619±1.127 10.110±0.714
(n=4) (n=4)
Retinal Lesion (omega-3+) 15.290±1.530⁎⁎⁎/⁎⁎/⁎ 10.190±1.258
(n=6) (n=6)parameters, including dendritic morphology, number of synapses and
glial cells (Marszalek and Lodish, 2005). Through a nutritional ap-
proach, we investigated the effects of essential fatty acids, mostly
DHA, in the development and maintenance of axonal connections in
the rodent visual system. Our data indicate that an omega-3/DHA nu-
tritional restriction induced a disturbance in the development of visu-
al topographical maps, resulting in an expansion of retinocollicular
and retinogeniculate projections. The results also suggest that DHA
restriction delays axonal elimination and critical period closure, inter-
fering with the maintenance of retinocollicular terminal ﬁelds.
Omega-3 restriction diet decreases DHA levels in rats
Coconut oil (from Babaçu, Orbignia martiana), known as a limiting
source of omega-3 fatty acids (Borba et al., 2010), is also enriched in
saturated fat (Badolato et al., 1992). Our gas chromatography (GC)
analyses showed that the experimental diet led to a reduction in
DHA levels in the rat superior colliculus with normal levels of arachi-
donic acid. Furthermore, we observed increased levels of omega-9
fatty acids, as well as other monounsaturated and saturated fatty
acids (Table 2). During EFAs synthesis, Δ-5 and Δ-6 desaturases con-
vert ω-3, ω-6 and ω-9 into their derivates, so that lower levels of
omega-3 fatty acids increases the conversion of omega-6 and, subse-
quently, omega-9 fatty acids (Cho et al., 1999a, 1999b; Le et al., 2009).
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corroborate our ﬁndings of a DHA deﬁciency.
Omega-3 nutritional restriction alters the ipsilateral retinocollicular
topography and extends the critical period
HRP terminal labeling allows the study of bulk axonal labeling
after an intravitreous injection of the tracer. Therefore, we chose to
study the uncrossed retinocollicular pathway, since its lower ﬁber
density (about 5% of the total retinal ganglion cell population)
(Linden and Serfaty, 1985) allows a clear identiﬁcation of discrete ter-
minal ﬁelds and topographical development. Previous results sug-
gested that either DHA or AA are necessary for the maintenance of
retinocollicular connections (Campello-Costa et al., 2006) since an
acute pharmacological blockade of phospholipase A2 resulted in ro-
bust topographical disorganization of retinocollicular terminal ﬁelds.
Indeed it has been shown that AA selective blockade results in larger
arbors and increased branch dynamics in retinotectal projections (Leu
and Schmidt, 2008). In the present study we showed that the selective
nutritional restriction of DHA results in a general developmental delay
in axonal elimination which is evidenced in Fig. 4. A closer analysis of
this quantiﬁcation strongly suggests a delay in axonal elimination,
since values of optical densities at the intermediate or ventral sublayers
of the superior colliculus obtained from the omega-3− group at PND 13
aremore than two-fold higher in comparison to its agematched control
group (omega-3+). However, those values are progressively reduced to
control PND13 levels at latter stages in omega-3− groups (at PND 28/
42). Whether a delay in axonal elimination could induce a secondary
abnormal growth or impaired maintenance mechanisms of retinal
axons at visual nuclei is an interesting possibility that could be investi-
gated with long-term survival studies using single axonal arbor recon-
structions. The present results could alternatively be partially
explained by other mechanisms such as increased ganglion cell num-
bers or misrouting of contralateral axons into the ipsilateral optic
tract. The data presented in Fig. 4C strongly suggest that this is not the
case, since increased cell numbers or axonal misrouting would induce
permanent alteration that could not be reversed by a DHA supplemen-
tation protocol. Collectively, the data suggest a disturbance in the topo-
graphical reﬁnement of this pathway either as a consequence of a delay
in the elimination of transitory axons (Serfaty et al., 2005), an impair-
ment in maintenance mechanisms or an active sprouting of axons out-
side their main terminal zones.
Consistent with the idea that DHA deprivation delays retinocolli-
cular development we performed a lesion-induced plasticity assay
that results in sprouting of the uncrossed retinocollicular pathway
(Serfaty et al., 2005). The data conﬁrmed that under a control,
omega-3+ diet, no signiﬁcant sprouting of retinal axons to the colli-
cular surface could be observed as a result of a retinal lesion in the
contralateral eye at PND21. However, under omega-3/DHA depriva-
tion, a similar lesion at the third postnatal week was able to induce
axonal sprouting in the uncrossed, intact, pathway (Fig. 6). The com-
parison of subpial labeling in omega-3+ and omega-3− groups clearly
shows that omega-3 deprived groups displayed an increased plastic-
ity over the control, lesioned group (Figs. 6D and E). Furthermore,
the comparison of optical densities within groups showed that the
sprouting effect is restricted to the lateral subpial aspect of the SC,
where the reorganization of intact ipsilateral axons is expected to
occur with a lesion to the contralateral temporal periphery (Serfaty
et al., 1990). Our data also shows that omega-3 restriction per se is
not able to induce a speciﬁc plastic response, since non-lesioned ani-
mals displayed even lower optical densities at the lateral aspect of the
collicular surface (Table 3). It isworthmentioning that the sprouting of
ipsilateral axons within the lesion site was observed only one week
after a retinal lesion at the end of the critical period. Thus, this strongly
suggests that themechanisms involved in critical period closure are not
properly working under a DHA deprivation.Omega-3 nutritional restriction and the expansion of the ipsilateral
retinogeniculate pathway
Omega-3 nutritional restriction induced an abnormal expansion of
uncrossed retinocollicular terminal ﬁelds. Therefore we investigated
the retinogeniculate pathways in order to verify a more general dis-
turbance in subcortical visual connections. Since the rodent retino-
geniculate projections segregate into eye speciﬁc domains
(Godement et al., 1984), we measured, after a unilateral eye injection
of HRP at PND28, the area occupied by the ipsilateral terminal zones
and the area of the gap observed in the contralateral projection
(Fig. 5). The results clearly demonstrate that control, omega-3+
group, presented equivalent areas for the ipsilateral terminal zone
and the contralateral gap. Omega-3 restriction, however, induced an
expansion in the area of the ipsilateral terminal zone in relation to
the contralateral gap area. These results imply, therefore, that the ip-
silateral retinogeniculate pathway is also expanded under omega-3
deprivation. The present results did not show any evidence for a similar
reorganization in the contralateral retinogeniculate pathway, probably as
a result of technical limitations of bulk eye injections of tracer. However, a
single axon study might reveal a more general disturbance in visual
connections.
DHA, GAP-43 phosphorylation and synaptic stabilization
In the present study we observed that DHA restriction induced a
reduction in the content of pGAP-43, which might reﬂect a decreased
synaptic maintenance/stabilization. Therefore we suggest that the re-
duction in pGAP-43 content underlies the delay in axonal elimination,
topographical focusing and the closure of the critical period. Accord-
ing to (Kaneda et al., 2008) a continuous expression of pGAP-43 is re-
quired for axonal elimination and use-dependent synaptic
reﬁnement. Also, (Mendonca et al., 2010) have demonstrated in pig-
mented rats that pGAP-43 content is the highest during the period of
axonal elimination. Previous studies also have shown that the knock-
down of pGAP-43 expression result in expanded thalamocortical con-
nectionswithin somatosensory barrels (McIlvain et al., 2003). However,
a previous study (Zhu and Julien, 1999) has shown that mice bearing a
targeted disruption of GAP-43 exon 1, present a high proportion of ret-
inal ganglion cell (RGC) axons misrouted into the ipsilateral optic tract
and hypothalamus. This seems not to be the case in the present work
since, as discussed above, a DHA supplementation protocol (Fig. 4C)
completely reversed the expansion observed in the ipsilateral retinocol-
licular projection. Also, in the present study, we found no difference in
total GAP-43 protein between control and omega-3 restricted groups
at PND28 (Fig. 7). Since omega-3 restriction produced only a partial re-
duction (52%) in DHA content, we were not surprised with the mainte-
nance of levels of GAP-43 protein. Therefore, our data are consistent
with a selective reduction of pGAP-43 content that may reﬂect an un-
balance of signaling pathways rather than a general reduction in GAP-
43 expression.
Role of omega-3 fatty acids in brain development and plasticity
DHA plays a pivotal role as key regulator in diverse functions in
the brain (Cao et al., 2009; Su, 2010). It modulates physical properties
of the lipid bilayer and thereby inﬂuences ﬂuidity of neuronal mem-
branes, regulating in diverse cell functions that involve membranes
and their lipids (Chytrova et al., 2010). DHA can also be released
and act as an important retrograde messenger (Chen and Bazan,
2005; Grintal et al., 2009; Phillis et al., 2006). Previous studies have
demonstrated that phospholipase A2 (PLA2) and phospholipase
C (PLC) could release DHA from phospholipids (Fujita et al., 2001;
Jones et al., 1997). Thus, free DHA affects signaling transduction, neu-
rotransmitter synthesis and release; it also regulates the activity and
insertion of membrane receptors, such as NMDA and AMPA
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ulates dopaminergic and serotoninergic neurotransmission (Chalon,
2006; Kuperstein et al., 2008; Zimmer et al., 2000).
DHA can also regulate expression of genes associated with synap-
tic plasticity and membrane trafﬁcking (Horrocks and Farooqui,
2004). It has been shown that a 15-week diet deprivation of DHA re-
duces BDNF expression in the frontal cortex (Rao et al., 2007b). Alter-
natively, DHA dietary supplementation has been found to elevate
levels of hippocampal BDNF, as well as AKT and CaMKII, indicating
that DHA modulates mechanisms involved in synaptic plasticity
(Wu et al., 2008). Likewise, rats fed for 15 weeks with a DHA enriched
diet showed a signiﬁcant increase in Fos-positive neurons in CA1 re-
gion of hippocampus (Tanabe et al., 2004) indicating that DHA can
mediate mechanisms involved in synaptic plasticity and memory
(Bousquet et al., 2009; Venna et al., 2009). Therefore, the expanded
pattern of retinocollicular axons and the lack in critical period closure
found in the present work could be explained by a reduction in BDNF
content. This point is under current investigation.
Omega-3 fatty acids availability during CNS development
The deposition of DHA in brain phospholipids occurs primarily
during the fetal period and continues during postnatal development
(Green et al., 1999). Maternal consumption of EFAs inﬂuences the in-
corporation of these nutrients into litters. At early stages of develop-
ment, metabolism and absorption of long-chain polyunsaturated fatty
acids (LCPUFA) are inefﬁcient and therefore EFAsmetabolites must be
received through placental transfer or maternal milk (Guesnet and
Alessandri, 2011; Lafourcade et al., 2011). Thus, infancy and aging
are considered crucial periods in which an adequate bioavailability
of essential fatty acids are necessary for proper development of cogni-
tive and visual functions (Birch et al., 2010; Innis, 2008; Uauy and
Dangour, 2006). The balance of omega-3/omega-6 fatty acids is an im-
portant determinant in maintaining homeostasis and normal brain de-
velopment (Gomez-Pinilla, 2008; Simopoulos, 2011). An adequate ratio
of ω-3/ω-6 has changed in the modern Western human diets
(Simopoulos, 2006). This change has been attributed to a decrease in
ω-3/ω-6 ratio and to increased intake of saturated fat that may result
in DHA deﬁciency even in breast fed infants (Chen and Su, 2011;
Innis, 2008).
Conclusion
Essential fatty acids cannot be synthesized by mammalian endog-
enous enzymes and must be taken through diet. DHA has important
functions in brain development and synaptic plasticity, contributing
to synaptic strengthening and regulation of neural functions. The de-
velopment of sensory connections is normally achieved through the
selective elimination of misplaced axons and the stabilization and
maintenance of correct ones and their synapses. We found that
omega-3 restriction impairs both mechanisms and as a result, mal-
nourished litters display abnormal wiring patterns in the visual sys-
tem as well as an abnormally extended critical period. The results
also show that early supplementation protocols can restore the devel-
opment of those connections. These effects seem to be associated
with a reduction in the content of p-GAP43, involved both in synaptic
elimination and strengthening. Since our results point to a delay in
the formation of sensory circuits, we raise concerns about the impact
of such nutritional unbalance in the development of motor and cogni-
tive skills as well. At present, the ultimate consequences of develop-
mental delays on the functional outcome of interconnected
neuronal populations are not completely clear. An improved under-
standing of the role of essential fatty acids in central nervous system
development is thus mandatory for the establishment of adequate di-
etary requirements for these lipids during early postnatal life.Acknowledgments
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